M (R1), is determined by a fitting scheme to experimental data as k R1 = 4.0×10 14 exp(-2384/RT) cm 6 /mole 2 -s. The complete CO 2 * kinetics scheme using this new rate is able to reproduce experimental trends in the form of peak CO 2 * temperature dependence and CO 2 * species time histories at low and elevated pressures. The model does an excellent job at predicting CO 2 *peak trends, and mostly captures the unique features of the CO 2 * species profiles. Comparisons with past works are also made, where there is good agreement between model and data in a methane-based mixture. Slight variations in the rate for R1 from the literature are also considered. The complete kinetics scheme for the formation and depletion of CO 2 * presented in this work is the first of its kind and offers a good foundation for future studies on CO 2 * kinetics. Nomenclature k = reaction rate coefficient R = universal gas constant A = pre-exponential factor n = temperature exponent E a = activation energy [X] = molar concentration of species X
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I. Introduction
MISSION from electronically excited CO 2 , denoted by CO 2 *, is known to be a significant contributor to much of the broadband background emission in hydrocarbon flames. [1] [2] [3] [4] [5] [6] Despite the large number of works addressing CO 2 * chemiluminescence, its chemical kinetics are still under-validated, due in large part to the difficulty isolating the species experimentally. CO 2 * chemiluminescence consists of a broad continuum extending from below 300 nm to above 600 nm. 2, [7] [8] [9] [10] [11] [12] [13] The main reaction that goes to forming CO 2 * is believed to be the one shown below, herein denoted by R1. 14, 15 CO + O + M ⇄ CO 2 * + M
In two recent works by the authors, CO 2 * chemiluminescence was studied in detail. The first work 16 measured emission from CO 2 * at two wavelengths, 415 nm and 458 nm, behind reflected shock waves in H 2 /N 2 O/CO/Ar mixtures at low and elevated pressures. In the first Kopp et al. study, 16 a brief review of past works on CO 2 * chemiluminescence was presented, and a first-generation kinetics mechanism for CO 2 * chemiliuminescence was proposed. It was shown that at the conditions of their study, the light from the experiment was due primarily to CO 2 * chemiluminescence, and emission from other potentially emitting hydrocarbon species, such as CH* and CH 2 O* was ruled out. The emission through the two different optical filters was the same over the conditions of the study, confirming that the CO 2 * feature is relatively flat in this wavelength region. In the second work, 17 a more-extensive review of CO 2 * kinetics was presented with the goal of refining the rate for the title CO 2 * formation reaction, R1. Emission from CO 2 * chemiluminescence was measured at 415 nm in two different H 2 /N 2 O/CO/Ar mixtures behind reflected shock waves at atmospheric pressures. A new rate for R1 was developed, which was able to reproduce experimental trends at the conditions of this study, as well as from past literature works.
Presented in this paper is a comprehensive review of the existing CO 2 * work, focusing primarily on the recent work of the present authors. In the first section, the experimental facility is described and conditions of this study are presented. The next section details the chemical kinetics of CO 2 * and presents a complete kinetics scheme for the formation and depletion of CO 2 *. Finally, the experimental results are compared with model predictions and discussed in detail.
II. Experiment
All experiments summarized herein were performed in the high-pressure shock-tube facility at Texas A&M University. Details on the experiments performed are provided in Kopp et al. 16, 17 and in works related to the shock-tube technique. 18, 19 The mixtures used for this study were selected to facilitate good isolation of the CO 2 * species from other potentially emitting hydrocarbon species and are listed below in Table 1 . Mixture A was taken from the work of Dean et al., 20 who used shock-heated mixtures of H 2 -N 2 -CO-Ar to determine the rate constant of the reaction H + N 2 O ⇄ N 2 + OH*. Mixture B was a derivative of Mixture A, containing slightly less N 2 O and slightly more CO, with constant hydrogen and argon levels. Figure 1 shows model predictions of various excited-state species at a moderate temperature and low pressure in Mixture A. The normalized mole fractions are shown in Fig. 1a to demonstrate the temporal uniqueness of the various species, while the absolute species concentrations are shown in Fig. 1b to show the differences in peak concentrations. The uniqueness in the species profiles paired with the large difference in absolute magnitudes made isolation of the CO 2 * species possible.
Chemiluminescence light emission was collected at a sidewall location through a sapphire window located 1.6 cm from the endwall. The light through the window then passed through a 1-mm slit, and a concave reflecting mirror was used to focus the light onto a Hamamatsu 1P21 photomultiplier tube (PMT) after passing through an optical filter housed in a custom-made enclosure just outside of the PMT. An optical filter centered at 415 nm was used to capture the CO 2 * chemiluminescence from each experiment. It was shown in a previous study by the authors 16 that at these conditions, the chemiluminescence through a filter centered at 458 nm was the same as that through a filter centered at 415 nm, indicating that the CO 2 * emission feature is relatively flat over this wavelength range. 
III. Chemical Kinetics
A complete kinetics mechanism was developed for CO 2 *, which is detailed in the work of Kopp et al. 17 and summarized in Table 2 . Thermodynamic calculations determined the two most likely CO 2 * formation reactions from an energetic standpoint, R1 and R2. The Arrhenius coefficients for R2 and the collision efficiency factors for R1 were taken from the ground-state chemistry, and the CO 2 * consumption reactions were determined from collision theory. A new rate for R1 was determined by a fitting scheme to experimental data as
where R is the universal gas constant, T is temperature, and the activation energy has units of cal/mole. Further details on the formulation of this mechanism can be found in Kopp et al. 16, 17 The H 2 -O 2 ground-state chemistry from the National Univeristy of Ireland, Galway (NUIG) 21, 22 was used, in addition to the recent NO x chemistry from Mathieu et al. 23 All chemical kinetics calcuations were performed using the Chemkin software collection. Figure 2 shows the results of a CO 2 * sensitivy analysis in Mixture A at a moderate temperature and low pressure. To allow for a direct comparison between the various reactions, all results in Fig. 2 were normalized to a common peak value, and the CO 2 * species profile is included to make reference to the timing of CO 2 * formation and consumption, as indicated by the dotted line. As Fig. 2 shows, the most important reactions for CO 2 * formation and depletion are as follows:
CO + OH ⇄ CO 2 + H (R16)
As expected, R1, the title CO 2 * formation reaction has a highly positive sensitivity at the time of peak CO 2 * formation. However, the CO 2 *-Ar quenching reaction, R3, has an almost equal negative sensitiy at the time of peak CO 2 * formation due to the high levels of argon present in the mixture studied. The two ground-state reactions, R15 and R16, are also sensitive for CO 2 * formation and consumption even though they do not contain CO 2 * as either a product or reactant. Similar results were observed in Mixture B. As Fig. 2 shows, it was not possible to completely isolate R1, and further details on uncertainty in the final rate determined for R1 due to changes in R3, R15, and R16 can be found in Kopp et al.
17
IV. Results and Discussion
Model predictions from the final CO 2 * mechanism are presented in this section compared with experimental results. Figure 3 shows mechanism predictions alongside experimental results in the form of normalized peak CO 2 * magnitude as a function of temperature for experiments in Mixture A (Fig. 3a) and Mixture B (Fig. 3b) at atmospheric pressures. The CO 2 * peak was normalized for each mixture to a common temperature to allow for comparison between experiment and model predictions. As Fig. 3 indicates, there is excellent agreement between model and data at these conditions. The next set of figures shows representative normalized CO 2 * species profiles from the experiements compared with model predictions. The profiles from the model predictions were shifted in time to coincide with the initial rise time of the experimental profile. At low temperatures in Mixture A (Fig. 4a) , the leading edge of the CO 2 * experimental profile is closely matched by the mechanism, while the trailing edge is slightly underpredicted. The same is true at higher temperatures, as seen in Fig. 4c . In Mixture B, the leading edge is slightly underpredicted by the mechanism at low temerpatures, but there is better agreemenet at the trailing edge, as shown in Fig. 4b . The model does a good job at predicting the shape of the CO 2 * experimental profile at high temperatures in Mixture B (Fig. 4d) , with a slight underprediction of the trailing edge. Overall, the ability of the mechanism to predict the subtleties of the experimental profiles, as in the slight rise at the beginning and larger peak later on, is quite promising. In addition to being able to predict low-pressure trends quite well, the mechanism also performs well at high pressures. Originally presented in the work of Kopp et al., 16 Fig . 5 shows the results for experiments performed in Mixture A at an average pressure of 10.5 atm but compared with the updated model predictions in the form of normalized peak CO 2 * as a function of temperature. As in the low-pressure cases, the model does an excellent job at predicting peak trends in this mixture. Representative CO 2 * species time histories at elevated pressures are presented in Fig. 6 . These profiles were normalized to peak values to allow for comparison between model and data, and the predictied profiles were shifted in time to align with the peak of the experiment. At low temperatures (Fig. 6a) , the model does an excellent job at predicting the shape of the experimental CO 2 * profile, while at high temperatures (Fig. 6b) , the model predicts a slightly thinner profile than the experiment. Although the unique double feature seen in the low-pressure experiments is not as exaggerated at these elevated pressures, the model is still able to predict trends failry well at these conditions. It was also of interest to test the mechanism in a mixture containing hydrocarbons, one of which was studied earlier at this research facility by Petersen et al. 25 In that study, CO 2 * emission was monitored at 337 nm in a stoichiometric methane-oxygen mixture diluted in 99.1% Ar. The normalized peak CO 2 * experimental trends at an average pressure of 1.3 atm are presented in Fig. 7 compared with the current mechanism predictions along with the mechanism predictions presented in the original work of Petersen et al. Although the mechanism from the more recent work does not exactly reproduce experimental trends at these conditions, its slight overprediction is a vast improvement over the mechanism predictions from the original work. The same is true for CO 2 * species time histories, as shown in Fig. 8 . While the current version of the mechanism from Kopp et al. 17 slightly over-predicts the trailing edge of the experiment, it is much improved upon the mechanism predictions presented in the original work. Although a complete kinetics scheme for CO 2 * could not be found in the literature, a couple of works studied the rate for the title CO 2 * formation reaction, R1. In 1965, Sulzmann et al. 26 determined a rate for R1 from shock-heated CO-O 2 -Ar mixtures as
where the activation energy is in units of cal/mole. Figure 9 shows this rate in comparison with the one developed in Kopp et al. 17 on a typical Arrhenius plot. The order-of-magnitude difference in the pre-exponential factor from the two rates causes a noticeable difference in the magnitudes of the two rates, but their slopes are similar, since the activation energies of the two rates are quite close. 
where concentration units are mole/cm 3 and temperature is in K. Model predictions using this rate expression, the rate from Sulzmann et al., and the rate from Kopp et al. 17 are shown in Fig. 10 compared with experiments in Mixture A and Mixture B in the form of normalized peak CO 2 * as a function of temperature. The model predictions from the three rate expressions are quite similar in Mixture A (Fig. 10a) , while the rate from Sulzmann et al. predicts slightly more CO 2 * than the other two rates and the experiments in Mixture B (Fig.  10b) .
V. Conclusion
Two recent publications on CO 2 * chemiluminescence from the current authors 16, 17 were reviewed and presented in this work, which included both experimental shock-tube work and chemical kinetics refinement. The primary CO 2 * formation reaction was identified as CO + O + M ⇄ CO 2 * + M (R1), and its rate was tailored to fit experimental data as k R1 = 4.0×10 14 exp(-2384/RT) cm 6 /mole 2 -s. Supporting CO 2 * chemistry was developed and the final mechanism was able to reproduce trends very well in H 2 -N 2 O-CO-Ar mixtures at low and elevated pressures, and in a methane-based mixture at low pressures. The ability of the mechanism to capture the subtleties in the species time histories in the H 2 -N 2 O-CO-Ar mixtures was promising, and perhaps slight adjustments in some of the key ground state reactions could further improve the model predictions.
